Lower handgrip strength is associated with a range of negative outcomes in later life, including greater risk of functional impairment (1), falls (2), impaired glucose tolerance and diabetes (3), and higher all cause mortality rates (4). Factors known to affect muscle strength include age, gender, body size and physical activity but these do not fully account for the variation in muscle strength between individuals. Evidence from several observational epidemiological studies (5-9) suggests that poor intrauterine growth (as assessed by birth weight) is associated with lower handgrip strength, even after adjustment for potential modifying and confounding factors such as height. A lasting effect of poor early growth on muscle tissue is suggested by the findings of altered muscle morphology in humans of lower birth weight (10, 11) and in sheep with poor prenatal nutrition (12).
further papers.
Figure 1 Flow diagram showing the selection of studies for inclusion in the review

Data extraction and assessment of risk of bias
Working independently, RD and HD extracted relevant data from eligible papers using a standardised form (available on request). This included information about the study setting, design and population; the selection and baseline characteristics; the exposure measurement; statistical methods used and potential modifying and confounding factors adjusted for; as well as the relevant study results.
We assessed the risk of bias of each study in relation to our review question using a set of 11 criteria. These addressed areas including study design, whether the exposure and outcome measurements were reliably obtained, losses to follow-up and the appropriateness of analyses presented. RD and HD independently carried out the quality assessment of each paper, and any discrepancies in scoring were resolved by discussion with JB acting as a third reviewer. An overall risk of bias (low/ medium / high) was assigned to each study based on both the quality score and reviewer judgment.
Contact with authors
We contacted the corresponding authors of all 19 included studies, requesting results from analyses performed in a standard way for inclusion in meta-analyses. We asked authors to analyse the association between birth weight and later muscle strength, preferably using linear regression models to produce regression coefficients for the increase in muscle strength per 1 kg increase in birth weight. We asked authors to perform three separate models: (1) unadjusted; (2) age adjusted and; (3) age and height adjusted, on men and women separately and on men and women combined with an adjustment for sex included in models 2 and 3 when men and women were combined. We chose to ask for adjustment for these covariates (sex, age and height), as these have been shown to be important determinants of adult grip strength (17) . We sent one reminder to authors who did not respond initially. We received responses to 17 of the 19 requests; 13 authors provided results and 4 were unable to do so within the period requested. We excluded one of the 13 sets of results received as the small sample sizes (< 25 in each of the two birth weight groups) meant that the confidence intervals were too wide to include in our metaanalysis (18) .
We also asked for information on any other relevant published research and this yielded one further paper (19) which had not been indexed by either of the databases searched.
Statistical methods
RD and GN separately collated regression coefficients for the dataset. We then carried out meta-analyses using Stata version 11.0 software, to derive pooled estimates of regression coefficients and 95% CIs for the relationship between birth weight and grip strength. We anticipated significant heterogeneity between studies and so used a random effects model.
Sensitivity analyses were performed to explore the potential influences of various prespecified factors on our findings. We tested for a gender difference in our results by performing a meta-analysis of the differences in the sex-specific regression coefficients for each study after adjustment for age and height. We ran separate meta-analyses of the studies stratified by mean age at time of strength measurement (<21, >20 and <41, and >40 years), study setting (developing or developed country) and risk of bias with regard to the review question. We also re-ran our analysis with each study removed in turn to check that no one study was significantly contributing to the heterogeneity between studies. We produced funnel plots and used the tests proposed by Egger and colleagues to check for publication bias (20) .
Results
Nineteen studies met review inclusion criteria ( Table 1) . The majority (n=16) were based in developed countries, the others were conducted in India (19) , Guatemala (21) and the Philippines (22) . All studies included birth weight as an independent exposure variable except Duppe et al who used a combined measure of birth weight and length (23) . Abbreviations. ELBW, extremely low birth weight (definition varies; for range of included birth weights see individual study entry). ICU, intensive care unit. IUGR, intrauterine growth retardation. NBW, normal birth weight.
VLBW, very low birth weight (<1500g). F, female. M, male. * Source column: PO, paper only, all results available in published paper. Au, all results from request to corresponding author. Both, some results from published paper and some from author. ** Risk of bias score, range -11 to +11: low risk of bias (>4), medium risk of bias (>0 and <5), high risk of bias (<1).
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Age at follow-up and outcome measure The mean age of participants varied between studies and was 20 or below (range 5.1 to 17.7) in eight studies (18, 19, 21, (23) (24) (25) (26) (27) , between 21 and 40 (range 20.9 to 36.5) in seven studies (5, 22, (28) (29) (30) (31) (32) and 41 or above (range 53.0 to 67.5) in the remaining four studies (6, 7, 9, 33) . Grip strength was used as a single measure of muscle strength in the majority of studies (n=15). The instruments and protocols used to measure grip strength varied between studies as outlined in Table 1 . Other muscle strength measurements included static arm pull and high jump (32) , strength of knee movements (23, 27 ) and a calculated estimate of muscle strength based on a combination of grip strength, knee extension strength and elbow flexion strength (24) .
The association of birth weight with muscle strength
Nineteen studies analysed the association of birth weight with later muscle strength and 13 sets of results were available for inclusion in meta-analysis. In the remaining six studies, there was not sufficient information in the paper or analyses available from the relevant author to allow inclusion.
Meta-analysis results
In the meta-analysis of age-adjusted results there was a positive association between birth weight and later muscle strength with a pooled estimate of 2.07kg (95% CI 1.47, 2.66) increase in muscle strength per kilogram increase of birth weight in men and 1.59kg (95% CI 1.25, 1.93) in women.
Meta-analysis of the differences between sex-specific regression coefficients (from the 11 studies which included both men and women) in the age and height adjusted model did not reveal evidence of an overall gender difference, so we pooled results for men and women in this analysis. There was still evidence of an association after adjustment for age and height, although the pooled estimate was attenuated; 0.86kg (95% CI 0.58, 1.15) increase in muscle strength per kilogram increase of birth weight (Figure 2) .
There was evidence of significant heterogeneity between studies (P value from Q statistic = 0.005 and I 2 = 56.2% for the adjusted results). To explore if differences in the magnitude of muscle strength measurements between different study populations accounted for this heterogeneity, we repeated the meta-analysis using Z-scores for muscle strength but this did not greatly impact on the level of heterogeneity (P value = 0.05, I 2 = 41.7% in the age and height adjusted models). We also stratified the results of our meta-analysis to explore other potential sources of heterogeneity (Table 2) . We found greater heterogeneity among the male participants and in those studies with a mean age under 21 years. Results from studies in developing countries or those from studies judged to have a medium risk of bias did not appear to account for the heterogeneity in our combined results. We also repeated the meta-analysis removing each study in turn and this did not suggest that any one study was unduly influencing heterogeneity. Inspection of funnel plots did not suggest any clear evidence of publication bias. The tests proposed by Egger and colleagues (20) supported this finding, with p values of 0.46 or greater. 
Figure 2
Forest plot of studies assessing the association between birth weight (kg) and later muscle strength (kg), after adjustment for age and height. Studies ordered by mean age at time of strength measurement. B = both males and females; M = males only; F = females only included in study
Other results
Of the six studies not included in the meta-analysis (Table  3) , four of these were studies comparing outcomes, including muscle strength, of cases of low birth weight individuals with normal birth weight controls (18, 26, 27, 34) . All but one (27) found that the lower birth weight group had reduced muscle strength when compared with the normal birth weight group. In the fifth study, Pitcher et al showed a positive correlation between birth weight and grip strength in an Australian birth cohort, although the relationship attenuated and was no longer found when placental weight was included in the model (28) . In the final study in this group, Duppe et al examined the association between a combined measure of weight and length at birth and quadriceps strength in adolescence (23) . They found no association although this study was considered to have a high risk of bias in relation to our review question, mainly due to its small sample size (87 participants) and the limited information given on the method used for strength measurement.
In the meta-analysis we included unpublished results from a Guatemalan cohort at a mean age of 30 years. The original paper contained results for the same cohort at mean age 15 years divided into three birth weight groups. This showed reduced muscle strength in the low compared to the normal birth weight group (21) .
Discussion
This systematic review has shown strong and consistent evidence of a positive association between birth weight and muscle strength (typically assessed by grip) even after adjustment for the important covariates, age, gender and height. The studies included were conducted in a range of settings and included participants with mean ages from 9 to 68 years. The effect size was larger in studies with a mean age of participants greater than 20 years.
Although most studies found evidence of associations acting in the same direction there was evidence of significant heterogeneity in the size of associations between studies which likely relates to a range of factors. Studies varied markedly in their mean age; results were adjusted for age but this was only across the narrow age range of any one study (the maximum standard deviation for age for any study population was 3.8 years). The birth weight to strength relationship had lower heterogeneity in the group of studies with participants between 21 and 40 years of age, perhaps reflecting a particular influence of early growth on the peak strength obtained in adulthood.
We found greater heterogeneity between the results for male study participants than females. There is evidence that physical activity is more strongly associated with grip strength among men than women (35, 36) , so it may be that varying levels of physical activity among the populations studied partly account for the higher level of heterogeneity that we have observed in the meta-analysis of male participants.
Another likely source of variation between studies was the method of strength measurement. This varied widely in terms of number of trials and which hand was used in the case of grip strength (Table 1 ). There is evidence that variation in approach can affect the values recorded (37) . There was also typically limited reporting of the protocol used by each study for strength measurement; only 3 of the 19 included studies were judged to have explained this clearly and therefore to have had low risk of bias in this area.
A previous review combining the results of six studies found a pooled estimate of a 2.06 kg unadjusted increase in grip per kilogram of birth weight, for men and women (13) . Our updated meta-analysis includes five of these studies (with the sixth, a conference abstract, not meeting our review inclusion criteria) as well as eight cohorts not analysed previously. Our unadjusted value was similar across this larger number of studies and by contacting authors for standardised results we have also been able to confirm that adjustment for age and height attenuates, but does not remove, the birth weight to grip strength relationship. There is also evidence found in men from the Fels Longitudinal Study that increasing birth weight is associated with a higher rate of increase of grip and higher peak grip strength in adult life (38) .
There is evidence that an adverse intrauterine environment can affect muscle histology in animals (12, 39) . There have been far fewer studies in human muscle and the results have not been consistent although this may reflect the different groups studied. A study of middle-aged women showed no relationship between birth weight and muscle morphology (40) . However a study of young men demonstrated altered skeletal muscle fiber composition in those with low birth weight (10) . More recently, a study of older men participating in the Hertfordshire Sarcopenia Study showed that low birth weight was associated with a reduced muscle fibre score and suggested that this might underlie the association between lower birth weight and reduced muscle strength (11).
Strengths and limitations
We conducted a rigorous systematic review following the CRD recommendations and the MOOSE and PRISMA guidelines, including the use of two reviewers at each stage of the review process. The majority of our included papers were assessed to have a low or medium risk of bias (n=14) and none of those included in our meta-analysis were high risk. We attempted to minimise publication bias by contact with study authors, receiving two unpublished sets of regression analyses and a further ten sets which had been re-analysed using our standardised models; the tests performed on the meta-analysis data suggest that significant publication bias is unlikely. Limitations of this review include the fact that we did not search for non-English language publications. We asked authors to perform analyses on their data using three standardised models, with sex, age and height included in the third model. There are of course other possible covariates, but in order for the adjustments to be made across all studies, we chose the factors that would have been routinely collected, and which we know influence grip strength (17) . It is possible that other factors might confound the association between birth weight and grip strength. However, by combining evidence from a wide range of study populations which are likely to have
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This systematic review has shown strong and consistent evidence for a positive association between birth weight and muscle strength in men and women across the lifecourse. Our findings underline the importance of recognising the influence of early growth and development on childhood and adult muscle function. The next stage is to elucidate the mechanisms that underlie this association with the ultimate aim of developing beneficial interventions to minimise the detrimental effects of muscle loss in later life. Ford, 1988(18) Grip strength in combined total of right and left hands for significantly higher in NBW individuals (178.9N) None than VLBW individuals (150.7N). P=0.019 for difference. Martorell, 1998(21)* Compared to the middle birth weight group (2500-3000g), those in the IUGR group (<1500g) had significantly Age lower right hand grip strength (females) and significantly lower left hand grip (males). Gestational age Pitcher, 2009(28) Birth weight correlated with grip strength in left (r=0.42, p = 0.01) and right (r=0.43, p = 0.01) hands. However, Gestational age in a combined model of birth weight and placenta weight, only placenta weight predicted grip strength. Maternal size, ethnicity and parity Rogers, 2005(26) ELBW individuals had significantly lower combined left and right hand grip strength than normal birth None weight controls (p = 0.0001). Males in the study had higher grip strength than females (p = 0.0001). Group x gender interactions were also found (p = 0.009). Saigal, 2007(34) Overall, mean grip strength was -6.4kg (95% CI -9.1, -3.7) lower in ELBW group compared to NBW controls. None Small, 1998(27) Isokinetic muscle extension and flexion did not differ between birth weight or gender groups, nor was there any None interaction between group and gender. 
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